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Sequence comparisons of 5 S and other rihosomal RNAs by segments can be useful in understanding ano- 
malous primary and secondary structures and in assessing phylogenetic relationships. In a segmented analy- 
sis, the 5’-half of the Chlamydomonas reinhardii chloroplast 5 S ribosomal RNA is found to have a very 
close sequence homology to the green plant chloroplast and cyanobacterial 5 S RNAs; however, the 3’-half 
has a highly unusual sequence. Further comparisons of homologies between regions of the 5 S RNAs from 
C. reinhardii and the green plant chloroplasts suggest hat genetic rearrangements within the 5 S DNA may 
have produced the unusual sequence at the 3’-half. Segmented analyses of the C. reinhardii and green plant 
chloroplast 5 S RNAs suggest a close relationship which is not revealed by overall sequence comparisons. 
5 S ribosomal RNA; Segmented analysis; Gene rearrangement; Phylogenetics; Chloroplast origin 
1. INTRODUCTION 
Over 500 5 S ribosomal RNA sequences are 
known and a comparison of these sequences 
reveals that the 5 S RNA genes have been highly 
conserved during evolution and that all sequences 
conform to a generalized 5 S RNA secondary 
structural model. Thus, an analysis of 5 S RNA 
primary structure as well as group-specific 
signatures (i.e. nucleotide insertions, deletions or 
substitutions and secondary structural features 
that are characteristic of a particular phylogenetic 
group) have been used to ascertain phylogenetic 
relationships between organisms [l]. In some 
cases, when suspected genetic rearrangements 
within the ribosomal structural genes have occur- 
red, an overall sequence analysis by residue-to- 
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residue comparison may not yield meaningful 
phylogenetic relationships. A comparison of 5 S 
RNA sequence homology by individual segments 
can provide information on suspected genetic rear- 
rangements. In this paper we show how possible 
gene rearrangements can be accounted for in 
analyzing 5 S RNA secondary structure and in 5 S 
RNA phylogenetics. An analysis is provided here 
on the Chlamydomonas reinhardii chloroplast 5 S 
RNA. 
2. THE CHLAMYDOMONAS REINHARDII 
CHLOROPLAST 5 S RNA 
A comparison of the 5 S ribosomal RNAs from 
the cytosol of green plants and green algae shows 
a close sequence homology to the cytosol5 S RNA 
of Chlamydomonas pecies and it has been pro- 
posed that a Chiamydomonas-like organism was 
the ancestor to the green plants [2,3]. With respect 
to the origin of the green plant chloroplasts, a 
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comparison of macromolecular structures of the 
C. reinhardii chloroplast to structures of the green 
plant chloroplasts is important in order to assess 
the possible origins of the plant chloroplasts. Did 
the higher plant chloroplasts originate from a 
chloroplast-containing Chlamydomonas-like orga- 
nism or via a separate endosymbiotic event in- 
volving an intermediate cell type in the transition 
from protists to the higher plants? The recently 
published C. reinhardii chloroplast 5 S RNA se- 
quence [4] reveals some highly unusual properties 
for a 5 S RNA. In addition, its overall primary 
structure and its secondary structure diverge 
markedly from those of the 5 S RNAs of the green 
plant chloroplasts. This implies that the C. 
reinhardii chloroplast and the green plant 
chloroplasts are not closely related. However, a 
comparative analysis of individual segments of the 
RNA, as well as group-specific signatures, suggests 
that rearrangements within the 5 S structural gene 
may have taken place. Consequently, the C. 
reinhardii chloroplast and the green plant 
chloroplasts could be closely related. 
3. CHLOROPLAST AND CYANOBACTERIAL 
5 S RNAs 
The seven known green plant chloroplast 5 S 
RNA sequences [5] are highly homologous (> 90% 
identity between most species) and some sequences 
are identical, e.g. those from spinach and tobacco. 
The chloroplast 5 S RNAs also share several 
unique group-specific signatures [6]. Thus, the 
higher plant chloroplast 5 S RNA genes are phy- 
logenetically very stable. Cyanobacterial 5 S RNA 
sequences are known for four species [5]. These 
RNAs have high sequence homologies to the green 
plant chloroplast 5 S RNAs and have most of the 
Table 1 
Comparisons of sequence homologies 
% homology in 5 S RNA segment 
l-58 21-58 59-77 78-100 101-110 11 I-121 59-121 
Chlamydomonas reinhardii and other species 
Chloroplast 
/ 
chloroplast 
C. reinhardii M. polymorpha 
Chloroplast 
/ 
cyanobacterium 
C. reinhardii S. lividus III 
Chloroplast 
../ 
chloroplast 
C. reinhardu C. paradoxa 
Chloroplast 
/ 
chloroplast 
C. reinhardii C. ellipsoidea 
Chloroplast 
/ 
chloroplast 
C. reinhardii E. gracilis 
Other species 
Cyanobacterium cyanelle 
S. lividus III / C. paradoxa 
Cyanelle 
/ 
chloroplast 
C. paradoxa M. polymorpha 
Cyanobacterium chloroplast 
S. lividus III / M. polymorpha 
Chloroplast 
/ 
chloroplast 
C. ellipsoidea M. polymorpha 
83 92 
- 
21 79 
- 
36 
74 87 32 65 36 
81 87 32 78 34 
76 84 26 61 27 
64 66 21 - 65 36 - 
79 
81 
78 
71 
84 
87 
87 
83 
72 
78 
78 
56 
74 
74 
57 
71 
78 
78 
89 
75 
64 47 
64 56 
83 57 
64 44 
56 45 
70 73 
73 76 
73 69 
67 65 
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group-specific signatures characteristic of the 
chloroplast 5 S RNAs. In addition, the 5 S RNAs 
of Synechococcus lividus strains II and II also have 
a deletion signature (i.e. a deletion between posi- 
tions 35 and 39, Escherichia coli 5 S RNA number- 
ing system) characteristic only of the green plant 
chloroplast 5 S RNAs [6,7]. Based on the mobility 
of renatured and denatured samples during 
polyacrylamide gel electrophoresis, 5 S RNA con- 
formations of S. lividus and plant chloroplasts ap- 
pear to be similar, whereas both differ from the 
conformation of the 5 S RNA of E. coli [7]. 
The chloroplast 5 S RNA sequences from the 
several photosynthetic protists, however, are 
dissimilar in the extent of their homology to the 
plant chloroplast and cyanobacterial 5 S RNA se- 
quences. The Euglena gracilis chloroplast 5 S RNA 
sequence [5] is unusual in terms of both overall se- 
quence homology and group-specific signatures 
and may have arisen by an endosymbiotic event 
separate from that of the green plant chloroplasts 
[8]. Although the Chlorella ellipsoidea 5 S RNA 
[9] has an unusual insertion at position 69 and 
deletion between positions 87 and 88, it has a 
57-62% sequence homology and most of the 
group-specific signatures compared with green 
plant chloroplast and cyanobacterial 5 S RNAs. It 
thus has a degree of phylogenetic relatedness to the 
green plant chloroplasts. The C. paradoxa cyanelle 
5 S RNA sequence is similar to that of the 5 S 
RNAs from strains of S. lividus and both share 
signatures uggesting a close phylogenetic relation- 
ship [lo]. 
When compared to the 5 S RNAs of the green 
plant chloroplasts and the cyanobacterium S. 
lividus, the Chlamydomonas chloroplast 5 S RNA 
reveals a very high homology at the 5 ’ -side (posi- 
tions l-58) but a marked divergence in sequence at 
its 3 ’ -half (table 1). For example, there is a high se- 
quence homology (92%) between the liverwort 
Marchantia polymorpha [ 1 l] and C. reinhardii 
chloroplast 5 S RNAs in the region encompassing 
positions 21-58. In sharp contrast, segments in the 
3’-half of the RNA (positions 59-77 and 101-110) 
reveal a random pattern of unrelated sequences, 
e.g. the homology between the 5 S RNAs of M. 
polymorpha and C. reinhardii chloroplasts is only 
21% at positions 59-77 (table 1). The marked dif- 
ferences in homology within given segments are 
not found in comparisons between other 
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Fig. 1. Nucleotide sequence [4] and secondary structure 
model of the C. reinhardii 5 S RNA. The regions 
encircled contain unusual sequences believed to originate 
from genetic rearrangements. (Inset) Possible secondary 
structural model for helix II [4]. The putative genetic 
rearrangements result in a base-pair complementarity 
between positions 68-74 and those at 103-109. 
chloroplast/cyanobacterial 5 S RNAs (table 1). 
The C. reinhardii chloroplast 5 S RNA sequence 
was fitted to the generalized 5 S RNA secondary 
structural model (fig.1). The 5’-side of the C. 
reinhardii chloroplast 5 S RNA has all the group- 
specific signatures characteristic of the chloro- 
plast/cyanobacterial 5 S RNAs (e.g. an insertion 
at position A29 of the C. reinhardii 5 S RNA se- 
quence and secondary structure features of helix 
III). The regions outside of the encircled area in 
the C. reinhardii 5 S RNA model shown in fig.1 
(the 5 ‘-half; helices 1,V) have a high sequence 
homology to the green plant chloroplast 5 S 
RNAs. In contrast, particular segments of the 
3 ‘-half contain signatures that are highly unusual 
with respect o both the chloroplast 5 S RNAs and 
5 S RNAs in general: 
(i) Helix II, when drawn in the consensus sec- 
ondary structural model, shows extensive 
mispairing of bases and a thermodynamically 
unstable helix (fig.1). The mispairing appears 
to be due to base substitutions on the 3 ’ -side 
of helix II. An alternative structure for helix II 
[4] (fig. 1, inset) is thermodynamically stable. 
The ability to form this type of alternate struc- 
ture is generally not possible with the other 
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500 known 5 S RNA sequences. 
(ii) The sequences encircled in fig.1, which are 
unusual to 5 S RNAs in general, form base- 
pair complementarity between positions 
68-78 and 103-109. Helix IV has the potential 
of forming seven Watson-Crick and GoU 
base-pairs. There are no known eubacterial or 
chloroplast 5 S RNAs that can form more 
than four Watson-Crick and GoU pairs in this 
helix and most can form only two. 
(iii) The universally conserved U residue of the 
conserved sequence RUA78 [12] has an A 
substitution in the Chlamydomonas chloro- 
plast 5 S RNA. With the exception of the 5 S 
RNA from Sulfolobus acidocaldarius [ 121 
other 5 S RNA sequences do not have .a 
substitution at this conserved U residue. Other 
uncommon base substitutions include those at 
positions 72, 74, 101 and 103. 
(iv) There is an insertion between positions 107 
and 110. No other known chloroplast or 
eubacterial5 S RNA sequence has an insertion 
in this region. There is also an insertion in the 
region of positions 69 and 70. The unusual 
signatures of the Chlamydomonas chloroplast 
5 S RNA originate from positions 59-77 and 
101-l 10 (fig. 1). Nucleotide sequences at these 
positions correlate with regions exhibiting a 
low sequence homology (table 1). 
4. PROPOSED HYPOTHESIS FOR THE 
ORIGIN OF THE UNUSUAL 
CHLAMYDOMONAS CHLOROPLAST 
5 S RNA 
The sharp contrast in degree of identity between 
different regions of the Chlamydomonas 
chloroplast 5 S RNA and the 5 S RNAs of the 
plant chloroplasts and the cyanobacterium S. 
lividus is rarely seen in related 5 S RNAs. For ex- 
ample, compare the segment homologies from 
chloroplast, cyanobacterial, and cyanelle 5 S 
RNAs shown in table 1. The extreme differences in 
sequence homology and group-specific signatures 
between sections of the C. reinhardii 5 S RNA 
compared to analogous segments in other 
chloroplast 5 S RNAs may have taken place by 
genetic rearrangements within the Chlamydomo- 
nas 5 S gene. In an analogous situation, there exist 
both close similarities and marked differences be- 
tween the sequences of the plant mitochondrial5 S 
RNAs and the 5 S RNAs of the purple photosyn- 
thetic bacteria [14]. Here, the first 24 nucleotides 
from the 5 ‘-end of the wheat mitochondrial 5 S 
RNA has only a 30-35070 sequence homology with 
the equivalent segment of the 5 S RNAs of the (Y 
subdivision of the purple photosynthetic bacteria; 
the next 28 nucleotides have approx. 90% identity. 
A gene rearrangement in the mitochondrial 
genome was proposed to explain the disparity [ 141. 
The mitochondria are believed to have originated 
from an ancestor to the purple photosynthetic 
bacteria [14-161. 
Several unusual features of the ribosomal genes 
of C. reinhardii have been pointed out by Rochaix 
and co-workers [ 171. These include an intron 
within the 23 S RNA gene and a fragmentation of 
the 5 ‘-end of this gene into smaller 3 S and 7 S 
genes. The 3 ‘-flanking side of the 5 S RNA gene 
was found to have unusual features of repeated se- 
quence patterns related to sequences found in the 
ribosomal promoter region [4]. Thus, there are 
hints of major rearrangements involving the 
ribosomal RNA genes of C. reinhardii chloroplasts 
which may account for the unusual structure of the 
5 S RNA at its 3 ‘-side. I propose that the primary 
and secondary structures of segments 59-77 and 
101-l 10 are the result of genetic rearrangements 
within the 5 S gene of C. reinhardii chloroplasts. 
5. CONCLUSIONS 
As demonstrated previously with the proposed 
mitochondrial origins [ 141, a comparative analysis 
of segments of the 5 S RNA can yield meaningful 
information not evident from a comparison of 
overall sequence homology. Assuming that 5 S 
RNA gene rearrangements took place in the C. 
reinhardii chloroplast and occurred subsequent o 
an endosymbiotic event, the high sequence 
homology and sharing of unique signatures be- 
tween the 5 S RNAs of C. reinhardii and S. lividus 
in the 5 ‘-half of the 5 S RNAs suggest hat the C. 
reinhardii chloroplast arose by endosymbiosis in- 
volving an ancestor of a cyanobacterium related to 
S. lividus. 
The 5 S RNA comparisons shown in this paper 
reveal that the proposal of Hori and co-workers 
192 
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[2,3] for the evolution of the green plants from a 
progenitor organism related to C. reinhardii is 
possible if one assumes that gene rearrangements 
took place in C. reinhardii chloroplasts subsequent 
to a branching off of the green algae and plants. 
The analysis of segments of the C. reinhardii 5 S 
RNA described here points to the importance of 
analyzing ribosomal RNA homologies by in- 
dividual segments in phylogenetic studies and in 
assessing aberrant 5 S RNA secondary structures. 
This analysis may also be useful in higher 
molecular mass ribosomal RNA phylogeny and 
especially in eukaryotic RNAs where a large varia- 
tion in G + C inserts is prevalent [l&20]. 
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